Background: In a previous study, we showed that consumption of diets enriched in saturated fatty acids causes changes in alternative splicing of pre-mRNAs encoding a number of proteins in rat skeletal muscle, including the one encoding skeletal muscle Troponin T (Tnnt3). However, whether saturated fatty acids act directly on muscle cells to modulate alternative pre-mRNA splicing was not assessed. Moreover, the signaling pathway through which saturated fatty acids act to promote changes in alternative splicing is unknown. Therefore, the objective of the present study was to characterize the signaling pathway through which saturated fatty acids act to modulate Tnnt3 alternative splicing. Methods: The effects of treatment of L6 myotubes with saturated (palmitate), mono-(oleate), or polyunsaturated (linoleate) fatty acids on alternative splicing of pre-mRNA was assessed using Tnnt3 as a marker gene. Results: Palmitate treatment caused a two-fold change (p < 0.05) in L6 myotube Tnnt3 alternative splicing whereas treatment with either oleate or linoleate had minimal effects compared to control myotubes. Treatment with a downstream metabolite of palmitate, ceramide, had effects similar to palmitate on Tnnt3 alternative splicing and inhibition of de novo ceramide biosynthesis blocked the palmitate-induced alternative splicing changes. The effects of palmitate and ceramide on Tnnt3 alternative splicing were accompanied by a 40-50% reduction in phosphorylation of Akt on S473. However, inhibition of de novo ceramide biosynthesis did not prevent palmitate-induced Akt dephosphorylation, suggesting that palmitate may act in an Akt-independent manner to modulate Tnnt3 alternative splicing. Instead, pre-treatment with okadaic acid at concentrations that selectively inhibit protein phosphatase 2A (PP2A) blocked both palmitate-and ceramide-induced changes in Tnnt3 alternative splicing, suggesting that palmitate and ceramide act through PP2A to modulate Tnnt3 alternative splicing. Conclusions: Overall, the data show that fatty acid saturation level and ceramides are important factors modulating alternative pre-mRNA splicing through activation of PP2A.
Introduction
Alternative splicing is a critical step in the processing of precursor mRNA (pre-mRNA) into mature mRNA that involves the selective removal of exons from a pre-mRNA. Alternative splicing can generate multiple mature mRNAs from a single gene thus allowing for a significant expansion of the transcriptome and a concomitant increase in proteome plasticity and functionality [1] . The regulation of alternative splicing is complex. In brief, it involves the dynamic interplay of cis-and trans-acting factors to coordinate the placement of the spliceosome, a large macromolecular complex responsible for the catalytic removal of introns and exons, onto a pre-mRNA [2] [3] [4] [5] [6] . Cis-acting factors are RNA sequence elements and thus are inherent to the pre-mRNA [7, 8] , whereas trans-acting factors are splicing accessory proteins that bind cis-factors to facilitate splice site recognition [6, 9, 10] . In addition to being regulated through transcriptional mechanisms, trans-acting factors are also post-translationally modified by kinases and phosphatases [11, 12] . Thus, the phosphorylation state of components of the splicing regulatory machinery is a critical determinant of whether or not an alternatively spliced exon is included in or excluded from a mature RNA.
One of the best characterized examples of phosphorylation-mediated regulation of alternative splicing is through the Akt signaling axis. Indeed, several trans-acting factors (i.e. serine-arginine-rich (SR) proteins and SR protein kinases) involved in pre-mRNA alternative splicing are substrates of Akt [4, [11] [12] [13] [14] . The contribution of protein phosphatases (PP) to changes in trans-acting factor phosphorylation is less well studied. Protein phosphatases (PP)1 and 2A are required for the proper assembly and disassembly of spliceosomal components [15] and regulate alternative splicing by directly targeting trans-acting proteins or indirectly by modulating Akt phosphorylation [16, 17] .
Troponin is a heterotrimeric complex that mediates calcium-induced sarcomere contraction [18] . The troponin T subunit links the calcium binding subunit, troponin C, to tropomyosin, and therefore plays a critical role in calcium signaling to the sarcomere. We recently demonstrated that fast skeletal muscle troponin T (Tnnt3) pre-mRNA is alternatively spliced in rat gastrocnemius muscle in response to consumption of a high-fat diet prior to the onset of obesity. Interestingly, this effect was specific to diets enriched in lard, as diets enriched in mono-or polyunsaturated fatty acids had no effect on Tnnt3 alternative splicing [19] . A major difference between the three diets used in that study was the proportion of the saturated fat, palmitate, in the lard-enriched diet. Palmitate is a substrate commonly used in the biosynthesis of ceramides [20, 21] , a family of sphingolipid second messengers that are induced in response to a variety of cellular stressors [22] [23] [24] . The above observations suggest that the diet-specific effects on Tnnt3 pre-mRNA alternative splicing are caused by specific types of fatty acids in the high-fat lard diet and/ or the intramuscular accumulation of ceramides. There is some precedent for this hypothesis, as previous work demonstrated that PP1 is necessary for the ceramideinduced changes in the alternative splicing of Bcl-xL and caspase-9 pre-mRNAs [24] . Other studies have reported diet-or obesity-induced changes in pre-mRNA alternative splicing [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , but little is known about the role of specific fatty acids in this process.
Though it is tempting to speculate that changes in skeletal muscle alternative splicing in the aforementioned studies were due to the accumulation of fatty acids or ceramides, hormonal feedback mechanisms controlling metabolic status complicate delineating mechanisms that modulate alternative splicing in vivo [1, 35] . Hence, we employed an in vitro system to precisely control the exposure of muscle cells to fatty acids and ceramides to examine the effects on alternative splicing and potential signaling pathways involved in regulating this process. Therefore, using Tnnt3 as a marker gene in L6 myotubes we hypothesized that treatment with saturated fatty acids and ceramides would alter the pattern of alternative splicing while unsaturated fatty acids would have little to no effect.
Methods
Fatty acid/BSA conjugation Palmitate, oleate, or linoleate (Sigma, St. Louis, MO) were dissolved in glass vials at 70°C in a 50% Ethanol/ Dulbecco's phosphate buffered saline (DPBS) (Gibco, Thermo Fisher, Waltham, MA) solution and added to a solution of 10% fatty acid-free BSA (Sigma) that was pre-warmed to 55°C. The fatty acid-BSA conjugates were mixed at 55°C for 20 min then filter sterilized through 0.45 μm syringe filters (Millipore, Billerica, MA) and stored at − 20°C in glass vials.
Cell culture
L6 myoblasts (1 × 10 5 ; passage 3-10) (ATCC, Manassas, VA) were seeded in six-well culture plates in DMEM (Gibco) containing 10% FBS (Atlas Biologicals, Fort Collins, CO) and 1% Pen/Strep (Gibco). When the L6 myoblasts reached 80-85% confluence (approximately 48 h post seeding) they were induced to differentiate to myotubes by replacing the media with DMEM containing 2% horse serum (Sigma) and 1% Pen/Strep (differentiation media (DM)). DM was refreshed every 48 h. At the end of the sixth day, fresh DM was added approximately 16 h prior to the addition of fatty acids, C6 ceramide (d18:1/6:0) (Avanti Polar Lipids, Alabaster, Alabama), or chemical inhibitors of de novo ceramide biosynthesis (myriocin) or PP2A (okadaic acid). For experiments using chemical inhibitors, L6 myotubes were pretreated for two hours with 50 nM myriocin (Sigma), 15 nM okadaic acid (LC Labs, Woburn, MA), or vehicle (methanol or DMSO, respectively) prior to the addition of 150 μM fatty acid-BSA conjugate or 20 μM C6 ceramide. Cells were treated with fatty acid-BSA conjugate or C6 ceramide for 24 h and collected for analysis eight days after the onset of differentiation.
Western blot analysis
L6 myotubes were washed once in cold phosphate buffered saline and harvested in lysis buffer as described previously [36] . Myotube samples were fractionated by SDS-PAGE using Bio-Rad precast Criterion gels (BioRad, Hercules, CA) as previously described [37] . Select PVDF membranes were stained with a reversible protein stain kit according to the manufacturer's instructions (Pierce, Thermo Fisher). Primary antibodies against phospho-Akt (S473) (#4060; 1:2000), ERK1/2 (T202/ Y204) (#9101; 1:1000), and GSK3β (S9) (#5558; 1:1000), and total-Akt (#9272; 1:1000), ERK1/2 (#9102; 1:1000), and GSK3β (#12456; 1:1000) were purchased from Cell Signaling (Danvers, MA). Anti-TNNT3 antibody (#JLT12; 0.2 μg/mL) was purchased from Developmental Studies Hybridoma Bank (Iowa City, IA). Western blot densitometry was quantitated using Image J Software (National Institutes of Health). Densitometry was normalized to a pooled sample of untreated myotubes collected in lysis buffer as above and run in duplicate on each gel.
Tnnt3 splice form characterization and quantification L6 myotubes were collected in 1 mL TRIzol then stored at − 80°C until total RNA was extracted per manufacturer's instructions (Invitrogen, Thermo Fisher), with the exception that the precipitated RNA pellet underwent an additional 85% ethanol wash. One μg of total RNA was reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher). PCR was used to amplify Tnnt3 amplicons representing all expressed splice forms as described previously [36] . Fluorescein (6FAM)-labeled Tnnt3 PCR products were diluted 1:10 and one μL per sample was analyzed by capillary electrophoresis as described previously [36] . Briefly, separated Tnnt3 amplicons were detected as individual fluorescence peaks of varying height within a range of 0-1200 bp. An internal size standard allowed accurate sizing of Tnnt3 amplicons that were determined to vary between~700-800 bp. The relative abundance of each Tnnt3 amplicon was then calculated by dividing the fluorescence peak height by the total of all Tnnt3 amplicon peak heights. The fold change in the relative abundance of each Tnnt3 splice form relative to controls was calculated for each experiment.
Quantitative real-time PCR of Tnnt3 mRNA
Quantitative real-time PCR (qRT-PCR) was performed using the QuantStudio 12 K Flex Real-Time PCR System and SYBR Green master mix (Qiagen, Germantown, MD) according to the manufacturer's instructions. Tnnt3 gene expression was quantified using rat specific primers designed to constitutively expressed (i.e., not alternatively spliced) Tnnt3 exons 11 and 12 (Fwd: 5' GTCA GAACAAGGACCTCATGG 3′, Rev.: 5' TCTCAGCGC GAATCCTTTG 3′) and a region within the gene Gapdh (Fwd: 5'-AGTTCAACGGCACAGTCAAG-3′, Rev.: 5'-T ACTCAGCACCAGCATCACC-3′). Changes in Tnnt3 gene expression were normalized to Gapdh using the 2 −ΔΔC T method as described previously [38] .
Statistical analysis
Tnnt3 splice form and Western blot analyses are displayed as the mean fold change ± SEM of the relative abundance or ratio of phosphorylated/total protein, respectively, compared to controls. Fold change values were calculated from each of three independent experiments with three replicates per experiment. GraphPad Prism v7.0 was used to generate graphs and to perform Student's t-tests or One-or Two-way ANOVA with Fisher's LSD post-hoc test for multiple comparisons to determine statistical significance (p ≤ 0.05).
Results

Characterization of L6 myotube Tnnt3 splice form expression
Skeletal muscle contractile elements, including Tnnt3, are expressed in differentiated mouse (C2C12) myotubes [36, 39] , but to our knowledge a comprehensive analysis of Tnnt3 splice forms had not been performed previously in rat L6 myotubes. Thus, we induced L6 myoblasts to differentiate into myotubes and analyzed Tnnt3 total mRNA, protein, and splice form expression at day 0 (D0), and day 8 (D8) post-differentiation onset. Myoblasts fused to form mature myotubes (Fig. 1a) and total Tnnt3 mRNA abundance, as assessed by qRT-PCR, was increased 76-fold by D8 (Fig. 1b) . A similar effect was observed with TNNT3 protein expression (Fig. 1c) . Capillary electrophoresis of Tnnt3 PCR amplicons detected three Tnnt3 splice forms present in low abundance at D0 (Fig. 1d) . Expression of all three splice forms present in undifferentiated myoblasts increased after differentiation, and 15 splice forms not detected in myoblasts were present in D8 myotubes (Fig. 1e) .
In vitro modulation of Tnnt3 alternative splicing by fatty acids and ceramides
We next tested if exposure to fatty acids could modulate alternative splicing of Tnnt3 in L6 myotubes. Cells were treated with BSA conjugated to saturated (palmitate), mono-(oleate) and poly-unsaturated (linoleate) fatty acids that were also present in the diets of our previous study [19] , or with BSA alone for 24 h. Treatment with oleate or linoleate significantly altered the expression of the 781 and 795 bp Tnnt3 splice forms compared to BSA-treated myotubes, however the magnitude of the effect was small (i.e., 1.2-fold or less; Table 1 ). The splice form exhibiting the largest change was the 737 bp Tnnt3 splice form in response to palmitate treatment. This effect was specific to palmitate as it caused a 1.8-fold increase in relative abundance compared to treatment with BSA alone while neither oleic nor linoleic acid treatment had any effect on its relative abundance ( Fig. 2a and Table 1 ). The 737 bp Tnnt3 splice form was the most consistently and robustly changed splice form across studies. Moreover, the most abundant splice form in adult rat loading bearing muscle, i.e. the gastrocnemius, is the 737 bp splice form [34] . Therefore, for ease of presentation, from here onward data for all 18 Tnnt3 splice forms will be presented in table format as Additional Files and data for the 737 bp Tnnt3 splice form will be presented in graphical format. Palmitate is a substrate for serine palmitoyltransferase, the initial and rate limiting step in de novo ceramide biosynthesis [40] . Thus, the palmitate-induced effects on Tnnt3 alternative splicing may be due to de novo biosynthesis of ceramides. Indeed, a 24-h treatment with 20 μM C6 ceramide increased the relative abundance of the 737 bp Tnnt3 splice form by 2.7-fold ( Fig. 2b and Additional file 1). Additionally, C6 ceramide treatment significantly altered the relative abundance of 6 of the 18 Tnnt3 splice forms (Additional file 1). Pre-treatment with myriocin, a selective serine palmitoyltransferase inhibitor which blocks the initial, crucial catalytic step of ceramide biosynthesis, attenuated the palmitate-induced increase in the relative abundance of the 737 bp Tnnt3 splice form (Fig. 2c and Additional file 2 ). These data demonstrate that both fatty acids and ceramides induce changes in Tnnt3 alternative splicing and that the effect of palmitate likely requires de novo ceramide synthesis.
In vitro modulation of Akt S473 phosphorylation by fatty acids and ceramides
We next sought to gain insight into possible signaling pathways involved in the palmitate-and ceramide-induced effects on Tnnt3 alternative splicing. Therefore, we assessed whether Akt signaling correlated with changes to the relative abundance of the 737 bp Tnnt3 splice form because a hallmark effect of ceramides is their ability to alter Akt phosphorylation [23, 41] and our previous findings in C2C12 myotubes suggested an important role for Akt in modulating Tnnt3 pre-mRNA alternative splicing [36] . As shown in Fig. 3a , palmitate, but not oleate or linoleate, reduced Akt S473 phosphorylation compared to BSA-treated L6 myotubes (Fig. 3a) . Moreover, treatment with C6 ceramide reduced Akt S473 phosphorylation by 39.5 ± 5.6%, compared to controls (Fig. 3b) . Interestingly, although palmitate treatment significantly reduced Akt S473 phosphorylation, pretreatment with myriocin did not prevent the palmitate-induced reduction (Fig. 3c) , suggesting that palmitate is either not acting through Akt or acts downstream of Akt to modulate alternative splicing.
Inhibition of PP2A attenuates the palmitate-and ceramide-induced alternative splicing of Tnnt3
A major mode of action of ceramides is the activation of PP1 and PP2A [16, 41] . Because changes in Akt S473 phosphorylation, a PP1 specific site [42] , did not explain the palmitate-induced effects on Tnnt3 alternative splicing, we hypothesized that palmitate and C6 ceramide exert their effects on Tnnt3 alternative splicing in part through the activation of PP2A. A previous study [43] showed that 15 nM okadaic acid selectively inhibited PP2A in primary cultures of rat hepatocytes. Confirming that finding, we found that in L6 myotubes, 15 nM okadaic acid significantly increased the phosphorylation of the PP2A substrates GSK-3β [44] and ERK1/2 [45] but not the PP1 substrate Akt S473 (Fig. 4a-c) . Notably, pretreatment with 15 nM okadaic acid blocked the effect of palmitate and C6 ceramide on the abundance of the 737 bp Tnnt3 splice form ( Tnnt3 splice forms (Additional files 3 and 4). Thus, these data suggest that the effects of palmitate and C6 ceramide on the alternative splicing of the 737 bp Tnnt3 splice form expression occurs in a PP2A-dependent manner.
Discussion
The results of the present study support a model in which saturated fatty acids increase ceramide expression leading to the activation of PP2A and subsequent changes in the alternative splicing of Tnnt3 pre-mRNA in L6 myotubes. In support of this model, the data show that both palmitate and C6 ceramide promote accumulation of the 737 bp Tnnt3 splice form and that the effect of palmitate is blocked by the ceramide synthesis inhibitor, myriocin. Although we did not measure ceramide levels in this study, others have demonstrated a timeand dose-dependent increase in ceramide accumulation in palmitate-treated cells in culture [46] and that the increase is blocked by myriocin treatment [20] . Thus, the repressive effect of myriocin on palmitate-induced Tnnt3 alternative splicing is consistent with the fatty acid acting through a mechanism requiring increased ceramide synthesis to produce changes in alternative splicing. Importantly, previous studies have demonstrated that increased ceramide production is associated with changes in alternative splicing of pre-mRNAs other than Tnnt3. For example, both TNFα and gemcitabine have been reported to alter the pattern of pre-mRNA alternative splicing of PKCβII, caspase 9, and Bcl-xL and myriocin blocks the effect [23, 24] , suggesting that, like palmitate, TNFα and gemcitabine-induced changes in alternative splicing require de novo ceramide synthesis.
In the present study, we also found that fatty acids of varying saturation level elicit distinct patterns of Tnnt3 pre-mRNA alternative splicing. Notably, in several instances, the pattern of Tnnt3 alternative splicing was different in myotubes treated with the unsaturated fatty acids oleate and linoleate, compared to those treated with palmitate. For example, treatment with either oleate or linoleate elicited differential effects on the expression of the 793 and 795 bp Tnnt3 splice forms ( Table 1 ). The effect of oleate or linoleate is most likely independent of increased ceramide production because, unlike palmitate, they have no effect on ceramide production or accumulation in skeletal muscle [47] or in cells in culture [48] [49] [50] . Instead, it is possible that there are ceramide-independent mechanisms that lead to variations in the Tnnt3 splice form expression in response to treatment with unsaturated fatty acids. However, the magnitude of the changes in alternative splicing induced by unsaturated fatty acids was small, and the physiological significance of such relatively small changes must be questioned.
An important mechanism for regulating alternative splicing involves changes in phosphorylation of the SR proteins that belong to the non-small nuclear ribonucleoprotein particle splicing factor family of proteins [4, [11] [12] [13] [14] . The SR proteins are phosphorylated on multiple serine residues by various kinases including Akt, leading to changes in the alternative splicing process [12, 14] . In the present study, Akt phosphorylation on S473 was reduced in response to treatment with either palmitate or C6 ceramide in association with increased Tnnt3 737 abundance, consistent with a possible role for altered Akt signaling in mediating the observed changes in alternative splicing. However, although myriocin blocked the palmitate-induced changes in alternative splicing, it did not prevent the changes in Akt S473 phosphorylation, suggesting that the changes in alternative splicing occurred in an Akt-independent manner. Instead, okadaic acid when used at a concentration that inhibits PP2A but not PP1 blocked the effect of both palmitate and ceramide on alternative splicing of the Tnnt3 737 splice form. Previous studies have shown that ceramide treatment leads to activation of both PP1 and PP2A [51] [52] [53] . Thus, it is tempting to speculate that palmitate-induced ceramide production leads to activation of PP2A and subsequent modulation of Tnnt3 alternative splicing.
It is interesting that treatment with C6 ceramide had a more dramatic effect on Tnnt3 alternative splicing compared to palmitate, both with regard to the number of splice forms affected and, in some cases, the magnitude of the change. Although the basis for this difference is unknown, it is noteworthy that C6 ceramide is cell permeable and does not need to be bound to BSA to be soluble in aqueous solution [24] . In contrast, palmitate was bound to BSA and requires fatty acid transport proteins to enter the cell [54] . Thus, C6 ceramide likely enters the cell more rapidly compared to palmitate, and may reach higher intracellular concentrations more quickly compared to the ceramide generated by palmitate-induced increases in synthesis. It is also possible that the shorter chain ceramides like C6 ceramide have a differential effect to promote alternative splicing compared to longer chain ones.
Conclusion
In addition to acting as energy sources and structural components of cells, fatty acids and their metabolites act as signaling molecules to regulate gene expression. The data presented in the current study extend the biological significance of fatty acids by demonstrating that fatty acids and their metabolites play a role in the selection of exons for alternative splicing and uncover an important node in the nutrient control of gene expression. The basic mechanisms of pre-mRNA alternative splicing have been studied extensively [10, 55] . However, surprisingly, how alternative splicing regulatory mechanisms are influenced by changes in environmental conditions or nutrient availability has only recently been investigated [19, 56, 57] . Approximately 95% of all multi-exon pre-mRNAs are thought to generate multiple mature mRNA splice forms [3] , therefore future studies should expand upon the list of pre-mRNAs affected by nutrient availability, the signaling pathways involved, and the functional outcomes of these changes. 
